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Earthquake-Caused Coastal Uplift and Its Effects on 
Rocky Intertidal Kelp Communities 

The coastal uplift (approximately 40 to 60 centimeters) associated with the Chilean 
earthquake s f  3 March 1985 caused extensive mortality of intertidal organisms at the 
Estaci6n Costera de Investigaciones Marinas, Las Cruces. The kelp belt of the 
laminarian Lessonia nigrescens was particularly affected. Most of the primary space 
liberated at the upper border of this belt was invaded by species of barnacles, which 
showed an oppo%nistic colonization strategy. Drastic mo&ifications in the environ- 
ment such as coastal uplift, subsidence, or the effects of the El Nifio phenomenon are 
characteristic of the southern Pacific. Modifications in the marine ecosystem that 
generate catastrophic and widespread mortalities of intertidal organisms can affect 
species compositibn, diversity, o r  local biogeography. 

N 3 MARCH 1985 AT 19:47 A 
major earthquake, with a surface 
wave magnitude of 7.8, occurred 

in central Chile (1). The seismic wave origi- 
nated in the sea bed 40 krn west of the 
coastal town of Algarrobo (33"201S, 
71°40'W) at a depth of approximately 15 
km (2). The average horizontal displace- 
ments in coastal zones were in a northwest 
direction and of magnitude approximately 
25 cm (3). Studies on the vertical compo- 
nent of deformation suggest a mean conti- 
nental uplift of about 33 cm. Maximum 
uplifts of approximately 45 to 50 cm were 
observed in coastal areas, such as El Quisco. 
The coastal marine station (ECIM) of the 
Pontificia Universidad Catolica de Chile ( 4 ) ,  
located on a 500-m stretch of exposed rocky 

extreme low water spring (ELWS) (5) .  The 
uplifts (Table 1) found at ECIM, about 44 
to 59 cm, were roughly within the range 
determined by Instituto Geogriifico Militar 
(3). 

It is well established that the zonation 
patterns of intertidal organisms are deter- 
mined by biotic and abiotic factors (6-8). 
Among the latter, desiccation and tempera- 
ture stress can play key roles determining the 
upper limit of sessile organisms. Hence, in 
Chile, even under normal weather condi- 
tions during ELWS tides at around noon- 
time on sunny days, intertidal macroalgae 
have been observed to die (bleaching) (9). 
Moreover, substantial modification of inter- 
tidal landscapes has been documented (10, 
11) as a result of increases in seawater 

shore at Las Cruces, is 15 to 20 krn from temperature. Similarly, coastal uplifts or 
both El Quisco and Algarrobo. The seismic subsidences resulting from earthquakes or 
wave caused both horizontal and vertical nuclear testing have modified the intertidal " 
coastal displacements (3) at ECIM. I inde- zonation pattcrns or induced mortalities 
pendently checked rocky shore uplifts at among sessile or mobile species (12-15). 
ECIM, using previously known fixed bench- Since 1974 the zonation and dynamics of 
marks that were leveled and referred to the the central Chile rocky intertidal shore have 

been studied (16, 17). Immediately before 
the March 1985 earthquake I was engaged 
in an intertidal research program at Las 
Cruces (18). Transects had-been made ran- 
domly a; selected sites, and species composi- 
tion, primary space, percent coverage, and 
the change through time in biomass of the 
macroalga Lessonia nigvescens were assessed 
(19). The first two field surveys were con- 
ducted on 9 to 10 February and 5 to 8 
March 1985. I report here on the effects of 
the coastal uplift on ECIM rocky shore 
communities and particularly on the struc- 
ture and dynamics of the lower rocky shore 
fringe, the'so-called L. tzigvescens belt(9, 16, 
20). 

Six 1-m-wide transects in the L. nigrescens 
kelp zone, extending 2.5 m from their inter- 
tidal upper to lower limit and 3 to 7 m apart, 
were randomly chosen (21). Vertical differ- 
ences between the lower and upper limits of 
the belts were 1 to 1.55 m. Each belt. 
identified by means of poxy putty marks, 
was divided vertically into five 0.5-m plots 
(1-m horizontal axis, 0.5-m vertical axis). 
Plots A (upper limit) to E (lower limit) were 
sampled 8 to 11 times during the 36-month 
study. The maximum holdfast diameter (d) 
of each L. nigrescens plant within each plot 
was recorded and the biomass was calculated 
(22). 

tern (23). A significant decrease in biomass, 
accompanied by a change in the color of the 
~lants  from brown to vetlow and the subse- 
quent mortality of the stipes and holdfasts, 
was evident toward the end of 1985. By 
February-March 1986 all plants had disap- 
peared from the upper plots. No recoloniza- 
tion has been observed up to February 
1988. The biomass record for the middle 
plot, C, was similar, but the biomass de- 
crease was obvious only in early 1986. By 
February 1987 almost all plants had disap- 
peared from this plot as well, and no recolo- 
nization has since been observed. Plots D 
and E, the lower plots, behaved differently. 
At plot D a drastic decrease in L. nigvescens 
biomass was observed in early 1986 (23) 
(about 6 kg m-2 by February 1987), but by 
February 1988 the biomass had increased to 
about 15 kg m-'. Plot E showed compara- 
tively less change in L. nigvescens biomass, 
with values between 20 and 33 kg m-2. In 
plot F (not part of the original study because 
the kelp was absent) L. izigvescens was abun- 

Estacion Costera de I~~vestigaciones Marinas, Facultad de 
Ciencias Biol6gicas, l'ontificia Universidad Cat6lica de 
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dant by the beginning of 1986 owing to the 
settlement of juvenile plants; this observa- 
tion suggests a change in the lower intertidal 
limits of the kelp belt, as compared with the 
original study. By February 1987 L. nigres- 
Lens biomass in plot F was about 15 kg mT2, 
and by February 1988 it had reached 30 kg 
m-2. 

Changes in primary space cover over time 
were determined at three levels in the L. 
nigvescens belt (Fig. 2): (i) upper level (plots 
A and B), (ii) middle level (plots C and D), 
and (iii) lower level (plot E). At the upper 
level there was evidence of the mortalitv of 
L, nigvescem and of the presence of articulate 
and crustose coralline algae a few months 
after the earthquake. By February 1986 the 
cover of the algae was almost zero. As 
primary space became available, it was im- 
mediately occupied by barnacles, mostly 
Chthamalus scabiosus and to a lesser extent 
Jehlius ciwatus, which readily settled on these 
plots and thereafter established a belt (24). 
  he cover of barnacles increased from 18 to 
66% in the 3 years after the earthquake (25). 
At the middle level a similar process oc- 
curred. Bleaching of macroalgae was ob- 
served later. For example, the cover of crus- 
tose coralline algae diminished from about 
30% in March 1985 to about 10% in Febru- 
ary 1988. Chthamalus scabvosus increased its 
cover in these plots from less than 5% in 
March 1985 to 56% in February 1988. At 
the lower level (only plot E was studied 
because of the inaccessibility of plot F) few 
changes were observed. The primary space 
cover of L. nigvescens increased from about 
20 to 45%. No barnacles settled at this plot 
in amounts exceeding 5%, and therefore 
they are included under the "other species" 
category in Fig. 2. A decrease in the cover of 
crustose and articulate coralline algae was 
also observed at this plot. No settlement of 
the competitively dominant intertidal mus- 
sel Pevumytilus puvpuvatus has been observed 
to date. 

In Alaska. Plafker (26'1 used intertidal 
\ ,  

barnacles to determine changes in the eleva- 
tion of coastal areas due to the great earth- 
auake of 27 March 1964. Studies on lami- 
narian and coralline algae after the earth- 
quake (27) demonstrated dramatic changes 
in zonation patterns and in the relative 
ability of those organisms to survive under 
conditions of coastal uplift. Most coralline 
algae require nearly continuous submer- 
gence, and coastal uplift is bound to affect 
their populations and eventually the com- 

Similar sudden and dramatic ecologically 
catastrophic events attributed to El NiAo 
phenomena (11) have substantially modified 
intertidal landscapes. Hence, extensive mor- 
talities of adult L, nigvescens, resulting in the 

Fig. 1. Lesson~a nigvescens Earthquake 
3 March 1985 (Lessonia upper border) 

biomass change along time 
in different intertidal plots 
(A = upper Lcssonta boider; A 
F = lower border). Biomass 
and standard errors (bars) * * 
are based on six reading per 
plot. Asterisks indicate ob- 
servatlons with zero bio- 
mass. 

30 
(Lessonia lower border) 

20 

10 

0 
F A J A 0 D l  F A J J l F l F  

Table 1. Coastal vertical movement of rocks at ECIM (Las Cruces) associated with the 3  march 1985 
earthquake. Each set of readings was taken at the same location between 5 and 20 rnin before the 
calculated tide table low tide of the corresponding day ( 5 ) .  

Relative 
height (cm) Approximate 

Date referred to ELWS uplift 

Mean 
(cm) 

(SD) 

Wall 1 
Before earthquake 

20 August 1982 65.3 (4.1)* 
1 December 1982 
6 October 1982 

After earthquake 
3 June 1985 109.9 (5.3)t 
4 June 1985 

Wall 2 
Before earthquake 

6 October 1983 1 72 (3.9)" 
Afrer earthquake 

3 June 1985 
4 June 1985 231 (7.2)t +59.0 

*Data from twelve readings taken by two operators. tData from e~ght readings taken by four operators. 
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Fig. 2. Changes in primary space cover along time 
at three levels of the Lessonia nigrescens intertidal 
belt: plots A and B, upper; C and D, middle; ar~d 
E, lower; e, Barnacles; 0, Lessonia nigrescens; *, 
bare space; -A=, other species; 0, Covallirza spp. 
alive; B, Covallina spp. dead; A, lithothamnioid 
alive; A, lithotharnnioid dead; 0, Hildenbrandia 
sp.; 0 ,  Codirrm dimovyhum alive; 0, Codium dimor- 
phtim dead; @, Gelidum chilense. Averages and 
standard errors (bars) are based on six readings 
per plot. 

depopulation of large areas of rocky shores 
in northern Chile, are well documented 
(10). 

Both kinds of catastrophic events, earth- 
quakes and El Nifio are cyclical 
and affect large areas of the Chilean coast- 
line. For instance, seven earthquakes of sur- 
face wave magnitude greater than 7 oc- 
curred in central Chile-in the last century 
(1). Further, it has been calculated that the 
recurrence time for earthquakes of magni- 
tude greater than 8.2 to 8.4 is about 
86 t 10 years (1). An El Nifio (28) occurs 
on average every 4 years, with intervals 
between successive events as short as 2 years 
and as long as 10 years (29). 

These kinds of sudden and drastic modifi- 
cations in the environment, which are char- 
acteristic of the southeastern Pacific, can 
cause substantial changes in marine ecosys- 
tems and can generate catastrophic mortali- 
ties that can affect local biogeography, spe- 
cies composition and diversity, and biomass; 
they can enhance local and more widespread 
latitudinal patchiness [much the same as 
mortalities produced by disease outbreaks 
(30-32) or predation (33)l. Examples of the 
historical and ecological importance of dras- 
tic and catastrophic events and their effects 
on marine communities have been reported 
(34, 35) for the Northern Hemisphere. The 
question of whether some of the rocky 
intertidal species have evolved in response to 
these cyclical catastrophic events is particu- 
larly challenging. Recently (36) it was dem- 
onstrated that marine organisms respond 
rapidly to intense perturbations 
within ecological time frames. 
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Activation of Muscarinic Potassium Currents by 
ATPy S in Atrial Cells 

Intracellular perfusion of atrial myocytes with adenosine 5'-(y-thio) triphosphate 
(ATPyS), an ATP analog, elicits a progressive increase of the muscarinic potassium 
channel current, IK(Mj, in the absence of agonists. In this respect, ATPyS mimics the 
actions of guanosine triphosphate (GTP) analogs, which produce direct, persistent 
activation of the guanyl nucleotide-binding (G) protein controlling the K,Lj channel. 
The effect of  ATPyS on IK@f), however, differs from that produced by GTP analogs in 
two aspects: it requires relatively large ATPyS concentrations, and it appears after a 
considerable delay, suggesting a rate-limiting step not present in similar experiments 
performed with guanosine 5'-(y-thio) triphosphate (GTPyS). Incubation of atrial 
homogenates with [35S]AT~yS leads to formation of significant amounts of 
[35S]GTPyS, suggesting that activation of  IK(M) by ATPyS arises indirectly through its 
conversion into GTPyS by cellular enzymes. ATPyS is often used to demonstrate the 
involvement of protein phosphorylation in the control of various cellular processes. 
The finding that cytosolic application of ATPyS can also lead to G-protein activation 
implies that experiments with ATPyS must be interpreted with caution. 

I NTERNAL DIALYSIS OF ATRIAL MYO- 
q tes  with hydrolysis-resistant GTP an- 
alogs evokes muscarinic receptor-inde- 

pendent activation of IK(M) (1, 2) with an 
order of effecti\?eness (GTPyS > GMP- 
PNP = GTP > GMP-PCP; where GMP- 
PNP is guanylyl imidodiphosphate and 
GMP-PCP is guanylyl ( p,y-methy1ene)-di- 
phosphonate) that parallels their binding 
affinities to purified G proteins (3, 4). We 
found (5) that intracellular application of 
ATPyS, an ATP analog, has effects that 
closely resemble those of GTP analogs (1, 6 )  
on I K ( ~ ) .  This result could be interpreted as 
a lack of specificity of the nucleotide site 
involved in muscarinic activation of cardiac 
K+ channels, thus weakening the G-protein 
transduction hypothesis, since ATP interacts 
poorly, or not at all, with the GTP binding 
site of purified G proteins (7). Alternatively, 
the actions of ATPyS could stem from (i) 
contamination by GTPyS, (ii) formation of 
a stable thiophosphorylated protein in- 
volved in channel gating, or (iii) conversion 
of ATPyS into its guanosine counterpart. 
The experiments reported here were de- 
signed to distinguish among these possibili- 
ties. 

The effects of intracellular application of 
ATPyS on K+ currents were examined in 
single myocyres dissociated enzymatically 
from bullfrog atrium, with the tight-seal 
whole-cell voltage clamp technique (1, 8 ) .  
Calcium and Na' currents were blocked by 
extracellular cadmium and tetrodotoxin. re- 

of the patch membrane; the patch pipette 
solution contained 2.5 rnM ATPyS. A grad- 
ual increase in both inward and outward 
current is observed after 7 min of dialysis. 
Superfusion of the cell with 1 FM acetylcho- 
line (ACh) 10 min after patch rupture causes 
a rapid, albeit small, increase in current; 
washout of agonist 1 min later has little 
effect on the current levels, indicating per- 
sistent activation of IK(~ ) .  The membrane 
currents elicited by the test pulses are shown 
in Fig. lB, which illustrates the appearance 
of the characteristic relaxation of IK(Mj (1, 
9) well before agonist was applied. The 
current-voltage (I- V) relations measured at 
various times during this experiment are 
plotted in Fig. 1C. It is clear that the voltage 
dependence of the current activated by 
ATPyS differs from that of the background 
K' channel, IK1, and parallels that observed 
during ACh application. External applica- 
tion of 0.1 mM BaCI2, but not 1 FM 
atropine, completelp blocks the membrane 
currents elicited by ATPyS. By these crite- 
ria, the current that develops during intra- 
cellular perfusion with ATPyS is indistin- 
guishable from I K ( ~ ) ,  whether elicited by 
agonist application or by intracellular dialy- 
sis with GTP analogs (1).  

We examined the effect of loading cells 
with different ATPyS concentrations in ex- 
periments similar to that in Fig. 1. After 
receptor-independent activation had 
reached a steady level, 1 ~ ~ 2 1 1  ACh was added 

s~ec t i ve l~ .  OutWard and inward currents A S Otero and G Szabo Denartment of P h v . c ~ o l o ~ ~  
were measured at the end of 250-ms pulses and Biophvsics, L?niversiG of ?exas Medical '~rancx, 

from a holding potential of -85 to -45 mV ~ ~ ~ t ~ e ~ i ~ ~ ; 5 " & p a m n e n t  of Phvsiohgy, Johns 
and - 135 mv ,  respectively. Figure 1A Hopkins Universitx School of Medicine,'~altimore, MD . " 
shows these v~lues, piotted as a function of 21i05 

time, beginning 1 rnin after the disruption *To whom correspondence should be sent 
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